Variability of Upper Body Kinematics in a Highly Constrained Task – Sprint Swimming by Sanders, Ross et al.
RESEARCH ARTICLE: Variability of Upper Body Kinematics in a Highly Constrained Task – Sprint Swimming.  
Authors: Ross H. Sanders1 , Chris Button2, Carla B. McCabe3
RUNNING HEAD: Variability of Kinematics in Swimming
AFFILIATIONS: 
1Faculty of Health Sciences, The University of Sydney, Sydney, Australia.
2School of Physical Education, Sport and Exercise Science, University of Otago, Dunedin, New Zealand.
3School of Sport, Ulster University, Jordanstown, UK.
 
Corresponding Author: Dr Carla McCabe




























Abstract                
Before examining the effect of changing constraints on skill adaptation, it is useful to know the tolerable variability of a movement pattern for optimal performance. Tolerable variability may vary throughout the period of task performance as some parts of the movement pattern may be more important than others. The purpose of this study was to quantify the inter-trial variability of performance variables, and hand path as the task-relevant parameter, of skilled front crawl swimmers during 25m sprints. It was hypothesised that the wrist paths would have smaller inter-trial variability during the below water phase than during the above water phase. Twelve skilled swimmers each performed four 25m front crawl sprints which were recorded by six phased locked video cameras for three-dimensional analysis. Standard deviations and time series repeatability (R2) of the right and left wrist displacement were determined. On average, swimmers varied their sprint speed between trials by less than 1.5%. The spatio-temporal patterns of wrist paths varied by less than 3cm in all directions (horizontal, vertical & lateral). There was no significant difference in inter-trial variability between above and below water phases. Swimmers increased wrist path consistency at the critical events of water entry in the horizontal and lateral directions and at exit for the horizontal direction. This study established levels of variability in spatio-temporal movement patterns of the paths of the wrist in sprint swimming and provided evidence that swimmers minimise variability for key events, in this case, the position of the wrists at water entry and exit.
       




Inter-trial variability in human movement is an indication of how the neuromuscular system ‘frees’, ‘freezes’, and ‘exploits’ degrees of freedom to optimise performance (Turvey, Fitch, & Tuller, 1982). According to the dynamical systems perspective, the neuro-muscular system explores the ‘state space’ to develop a pattern of movement that is maximally effective in performing the task within the existing constraints (Kelso, Holt, Rubin, & Kugler, 1981; Kugler, Kelso, & Turvey, 1982). These constraints include those associated with the task; the individual performing the task including anthropometric, mechanical and physiological (organismic constraints); and constraints imposed by the environment in which the task is being performed (Davids, Button, & Bennett, 2008). It is proposed that, in becoming skilled, the system consolidates an ‘attractor state’ ensuring that the movement is performed consistently well while also developing the ability to adapt to changes in the constraints (Davids, Glazier, Araujo, & Bartlett, 2003; Glazier & Davids, 2009a; Seifert, Komar, Araújo, & Davids, 2016).

Due to many degrees of freedom to be controlled, there is considerable potential for inter-trial variability in human movement. This means that the movement patterns the system adopts in seeking to optimise performance will never be identical, even when repeated by highly skilled performers (Turvey et al., 1982). Thus, even in a task in which the constraints are constant, there would be some variability between trials in the contributions of body segments and joints to the emergent kinematic characteristics. Indeed, researchers have rejected the historic notion that the presence of variability in the motor patterns of skilled movers reduces the performance level. Rather, variability acts as a functional aid to performance in terms of offering different motor solutions to optimise kinematic patterns (Bartlett, Wheat, & Robins, 2007; Glazier & Davids, 2009a; Langdown, Bridge, & Li, 2012). For example, in the case of a basketball shot, the segmental rotations and positions of the shoulder, elbow, and wrist vary across trials, and yet they interact successfully to optimise the endpoint movement pattern (i.e., the trajectory of the hand: Button, Macleod, Sanders, & Coleman, 2003). The uncontrolled manifold (UCM) hypothesis holds that the central nervous system uses the available degrees of freedom to ensure flexible and stable performance of motor tasks (Scholz & Schöner, 1999; Latash & Anson, 2006). Thus, despite variability in some kinematic parameters, the variability in the ‘task-relevant parameter’ remains within ‘tolerable’ limits to maintain performance (Hamacher, Hamacher, Müller, Schega, & Zech, 2017). The variability of parameters other than the task relevant parameter may be ‘functional’, that is, a response to changing constraints that maintains tolerable variability in the task-relevant parameter (Bootsma & van Wieringen, 1990; Barris, Farrow, & Davids, 2013, 2014). Analysis of the task-relevant variable provides insights into the capacity of the system to adapt effectively to changing constraints to maintain low variability in the task-relevant parameter (Hamacher et al., 2017).          

Front crawl sprint swimming is an activity in which a spatio-temporal pattern of hand movement is optimised to produce maximum propulsive impulse with each stroke while minimising resistive drag (Maglischo, 2003). Through practice, a path of the hand emerges that is effective in producing force while also maintaining a streamlined alignment of the body (Maglischo, 2003). Therefore, deviations from the optimal path may result in a decrement in performance via reduced forces and/or production of unbalanced torques that affect body alignment and consequently increase resistance. The path of the hand and the timing of the movements are also critical in the generation of forces through the production and shedding of vortices (Takagi, Nakashima, Sato, Matsuuchi, & Sanders, 2016). Swimmers may adjust joint kinematics to maintain an optimal hand path between breathing and non-breathing cycles (McCabe, Sanders, & Psycharakis, 2015), and to adapt to different race distances and fatigue states (Alberty, Sidney, Pelayo, & Toussaint, 2008; Osborough, Payton, & Daly, 2010). Co-variability among the joint contributions to hand path may reduce the overall variability in the hand path to maintain performance (Müller & Sternad, 2004). Therefore, quantifying the typical variability in hand path associated with optimisation of swimming performance under highly controlled conditions will help future research to explain how performance is maintained when changes in constraints are introduced. Thus, the purpose of this study was to quantify the inter-trial variability of performance variables, and hand path as the task-relevant parameter, of skilled front crawl swimmers during 25m sprints with no breathing. Given that the swimmers were highly skilled we can assume the wrist path trajectories would not exceed tolerable levels of inter-trial variability for successful performance. Based on the rationale that the forces and torques that produce propulsion and maintain alignment respectively are generated primarily by the hands when they are under-water (below water phase), we tested the hypothesis that the wrist paths would have smaller inter-trial variability during the below water phase than during the period in which they are above the water (above water phase).  
             
Methods
Eleven competitive male national and international level front crawl specialists volunteered to participate in this study (age: 18.1±2.5 years; mass: 73.3±9.2 kg; height: 1.83±7.2 m; long course personal best time for 50m: 24.91±0.67s, which equates to within 85% of the then world record held by Alexander Popov, 21.64s, in 2007). Participants were ranked within the top 15 best 50m freestyle performances at the 2007 Scottish National Championships and had specialised their training as sprint specialists for a minimum of two years excluding previous swim training regimes. Given their long histories of squad training, it was expected that each swimmer had established spatio-temporal movement patterns of the wrists that maximise performance within their particular constraints. The test procedures were approved by The University of Edinburgh Ethics Committee and all swimmers provided written informed consent.

Prior to swimming, black circular skin markers (4.5cm diameter) were applied with black waterproof oil and wax based cream (Grimas Crème 6 Make-Up) to 19 anatomical landmarks: the vertex of the head (using a swim cap), the right and left of the: tip of the third distal phalanx of the finger, wrist axis, elbow axis, shoulder axis, hip axis, knee axis, ankle axis, fifth metatarsophalangeal joint, and the tip of first phalanx (big toe). These defined a 14-segment body model with separate head/neck and torso segments (McCabe & Sanders, 2012).

Test procedure
Each swimmer swam four 25-m sprints, with trials separated temporally by a 25-m active swim recovery to the starting position, followed by a 2-min passive recovery period while remaining in the water. This procedure ensured that the effect of organismic constraints related to fatigue was minimised. The swimmers were asked to swim at maximum pace for each trial. They were also instructed to avoid breathing while swimming through the calibrated volume. This eliminated breathing as a constraint as it is known that body roll and certain kinematic variables are affected by breathing when sprint front crawl swimming (Psycharakis & Sanders, 2010; McCabe, et al., 2015). Therefore, swimmers familiarized themselves with this non-breathing protocol during their individualized warm-up. All swim trials commenced with a push start to eliminate any possible influence that a dive may have on the stroke kinematics (Takeda, Ichikawa, Takagi, & Tsubakimoto, 2009; Veiga & Roig, 2017).     

The volume in which the swimmers were to be recorded was calibrated using a rectangular prism frame with dimensions: 4.5 m long (X), 1.5 m high (Y), and 1.0 m wide (Z) enclosing a calibrated volume of 6.75 m3. The centre of the calibration frame was positioned 15m from the wall from which the swimmers pushed to commence the swim. The calibration frame was recorded by six gen-locked JVC KY32 CCD cameras with high resolution zoom lenses (four below and two above the water surface) and digitised to yield separate calibration files for the above- and below-water views using an Ariel Performance Analysis System (APAS). All six cameras recorded the motion of the swimmer at a sampling frequency of 50 fields per second and an electronic shutter speed of 1/120 s. 

Data processing
One stroke cycle (SC), defined as the period between the instant of entry of one finger of the left or right hand to the instant of entry of the same hand, was analysed for each trial per swimmer.  The 19 body landmarks were digitised manually using APAS software for above- and below water views and three-dimensional coordinates were obtained as described by McCabe, Psycharakis, & Sanders (2011). Data of all trials were digitised by an experienced operator. The data were smoothed with a 4th order Butterworth filter with 4Hz cut-off frequency based on a Fourier spectral analysis indicating that little power (<1%) was contained in frequencies greater than 4 Hz and the highest movement frequency, being the kicking action of the ankles, was approximately 3Hz. A Fourier transform and inverse transform interpolated the data to the equivalent of 200Hz sampling rate. This was to minimise the temporal errors in identifying the instant of wrist entry and exit and consequently the start and finish of the above water and below water phases. These events were defined as the instant of first and last contact of the wrist with the water (assessed with respect to the vertical displacement of the wrist (y) and the water-surface, 0m).  Subsequently, the data comprising the SC were normalised to time series of 201 points to enable the variability across trials at each normalised time point to be determined. 

Body segment parameter data were obtained using the ‘E-Zone’ program (Deffeyes & Sanders, 2005) based on the elliptical zone method (Jensen, 1978). These data were input to the MATLAB (Mathworks, Inc.) analysis program for calculation of whole-body centre of mass (CM) position and derived CM velocity as described by Sanders, Gonjo, & McCabe (2015). 

Data analysis
The standard stroke parameters comprising average swimming speed, stroke frequency and stroke length were calculated using the method described by McCabe et al. (2011). The three-dimensional paths of the wrist were analysed rather than the hand to maximise accuracy of digitising due to better visibility of the wrist (Sanders et al., 2015).  The paths of the wrist in the X (horizontal axis in the direction of swimming), Y (vertical) and Z (horizontal axis perpendicular to the X and Y axes, lateral) were treated separately. An external reference frame was used in which the coordinates at each time point were expressed with respect to the CM at that time point. This was to quantify the variability of the wrist path with respect to the swimmer’s own body. This frame enabled the variability in the wrist path relative to the swimmer to be determined without being affected by the variability in speed of the swimmer or the distance covered during the SC. 

Calculation of Measurement Errors 
To quantify the measurement errors due to the manual digitising process, one complete SC was randomly selected for each of two swimmers and digitised four times for all six camera views by the same experienced operator who digitised the other trials. To avoid the possibility of digitising being less variable due to familiarity, digitisation of the trials used to test reliability were separated temporally from other digitisations by a minimum of 24 hours. The standard deviations (SDs) across all digitisations were used to indicate the magnitude of measurement errors in each of X, Y, Z for each of the variables of interest.      

Calculation of Variability 
Inter-trial variability of the wrist X, Y, and Z paths was calculated within participants as the SD of the four trials at each of the 201 normalised time points. SDs are recognised as measures of deviation of the observed data from a mean or model (Field, 2005), in this case an optimised hand path. Therefore, SDs are appropriate measures of the swimmer’s consistency in attaining that optimal path. Calculation of SDs on a point by point basis enabled quantification of average variability across the time periods of interest as well as for specific events such as hand entry and exit and provides a simple and meaningful reference for comparisons in future studies in which the ability of the system to adjust to changing constraints is assessed. Means of the SDs were then expressed as a percentage of the range from maximum to minimum across the four trials. This was to enable assessment of the variability relative to the range given that consistency of movement is naturally easier to maintain when the range is small than when a large range is required (Fitts, 1954). The inter-trial repeatability (R2) of the movement patterns was quantified using the method of Kadaba, Ramakrishnan, Wootten, Gainey, Gorton, & Cochran, (1989). This provided information about the ability of the system to repeat whole sections of the movement pattern and supplements the data obtained for discrete points in time to provide an indication of how consistently the ‘shape’ of the pattern is repeated (Preatoni, Hamill, Harrison, Hayes, Van Emmerik, Stokes, & Rodano, 2013).   

Statistical Analysis
Kolmogorov-Smirnov and Shapiro-Wilk tests for normality (skewness and kurtosis) of each variable were conducted and found to be non-significant for all variables. Paired t-tests, using the within participant mean inter-trial variability scores, were conducted to assess differences between the magnitude of inter-trial variability between X, Y, and Z wrist paths and between phases and events. The sample of 11 participants was deemed ample for this study given the homogeneity of the swimmers (all skilled swimmers) and that the scores for each subject were based on a rich volume of within participant data (multiple trials and measure of variability normalised to 201 half-percentiles of the stroke cycle). The explained variance (R2) of the repeatability tests were used as scores in paired t-tests. Statistical significance was set at P<0.05 for all analyses.

Results
The variability of repeated digitising of a trial of two swimmers (REL1 and REL2) was 0.007 m (0.25%) and 0.004 m (0.23%) for distance travelled during the stroke cycle, 0.000 cycles/sand 0.000 cycles/s for stroke frequency and 0.003 m/s (0.20%) and 0.005 m/s (0.26%) for speed respectively. The lack of variability in stroke frequency was due to the same fields being identified as the instant of first entry for every trial. The mean inter-trial variability among the swimmers was 0.041 m 2.11%) for distance travelled during the stroke cycle, 0.023 cycles/s (2.43%) for stroke frequency and 0.025 m/s (1.46%) for speed respectively.

Reliability and inter-trial variability data of left and right wrist paths in all directions with respect to the reference frame with the origin at the instantaneous location of the moving CM are presented in Table 1 and displayed in Figure 1. 

The inter-trial variability in the X path was significantly greater than the variability of the Y path (p<.05) for both wrists and the Z path for the left wrist (p<.05) but did not reach significance for the right wrist (p=.09) (Figure 2). There were no significant differences in inter-trial variability between above and below phases for all paths. However, the inter-trial variability of the paths was less at entry than the whole below phase (p<.05) except for the Y path of the right wrist (p=.19). Similarly, the inter-trial variability of the paths was less at entry than the whole above phase (p<.05) except for the Y path of the right wrist (p=.11). The inter-trial variability of the X paths at exit of both right and left wrists were less than the overall variability of both the below and above phases (p<.05). 

When expressed as a percentage of the range of motion (Table 2), the inter-trial variability in the Z direction for the whole stroke was greater than the variability in both Y (p<.01) and X (p<.001) directions and the Y path inter-trial variability was greater than the X (p<.05) direction. This result was similar for both the below and above phases except for the Z path compared to the Y path of the left wrist (p=.32) and right wrist (p=.56) for the above phase. Only the Z path for both wrists differed significantly between the above and below phases (p<.002). The below Z path had a greater variability (left wrist: 49%, right wrist: 51%) than the above Z path when expressed as a percentage of the Z range of motion. However, it must be borne in mind that the range of motion of the below Z path was smaller than the range of motion of the above Z path thereby yielding a greater score despite the inter-trial variability being similar above and below the water. 

Comparison of the explained variance scores (R2) revealed that the X movement pattern was generally more repeatable than both Y and Z for the whole stroke as well as the above and below water phases (Table 2). The Y paths were generally more repeatable than the Z paths for the below phase but not for the above phase (Table 2). That result was linked to the Z paths in the above phase being significantly more repeatable than in the below phase (p<.01). 

Discussion
The purpose of this study was to quantify the inter-trial variability of performance variables, and hand path as the task-relevant parameter, of skilled front crawl swimmers during 25m sprints with no breathing. The hypothesis that the wrist paths would have smaller inter-trial variability during the below water phase than during the above water phase was rejected.

Front crawl sprinting is a cyclical skill that is optimised by swimmers over years of repetitive training. Given that optimal performance is highly constrained by the environment, that is the water medium in which it is performed, investigation of the variability in the task-relevant variable, in this case the spatiotemporal pattern of hand motion affords the opportunity to learn more about the ability of humans to consistently reproduce optimal movement patterns (Glazier & Davids, 2009b).  

The within-trial variability in speed (0.56% to 2.58% across swimmers) was considerably larger than the variability due to measurement error indicated by the reliability results (less than 0.26%). The fact that the average variability in swimming speed, i.e. the performance criterion, was 1.5% suggests that swimmers came close to achieving their optimum performance with each stroke/trial. This finding indicates that when the constraints of the task are constant, national/international swimmers display a range in variability in their 25m front crawl sprint performance (swimming speed) of 0.56-2.58%. This is similar to the reported variability (0.6-1.4%) in performance times in sprint and endurance sports of Malcata & Hopkins (2014).  

Having established that the variability in performance between cycles is of the order of 1.5% we can turn to the variability in the movement, in particular, the wrist-path, due to its direct influence on both the propulsive and resistive forces. It is proposed that the hand path utilised by these swimmers has been optimised by years of practice involving more than two million rotations per year (Mountjoy & Gerrard, 2011). Most swimmers had wrist paths that varied by less than 3cm in all directions (horizontal, vertical and lateral). The reliability results indicated that between 0.4 and 1.9cm of that was due to variability associated with digitising error. Expressed as a range of motion, the variability in the vertical direction (Y) averaged about 3% (≤2.5cm) and in the lateral direction (Z), which had a smaller range of motion averaged about 7% (≤3cm). Therefore, it is reasonable to state that swimmers had well established wrist spatio-temporal patterns in the vertical and lateral directions, with a small yet distinct level of variability between repetitions. 

The significantly greater variability in the horizontal (X) than vertical and lateral directions for both right and left wrists (Figure 2) was not surprising given the range of motion over which the pattern can vary. Indeed, when expressed as a percentage of the range, the variability in the horizontal (≤3%) was significantly less than the vertical and lateral directions (Table 2). Note that due to the pattern being represented in time normalised to the duration of the stroke cycle, the variability is not affected by the variability in stroke frequency. Nevertheless, given that the wrist motions when sprint swimming are very fast, there is high potential for inter-trial variability, that is, for the wrists to be in different positions at equivalent percentiles of the stroke cycle. Mean variability of approximately 3cm could be regarded as a high level of consistency. This was further indicated by very high repeatability of the time series (Table 2). The low levels of variation found in the experiment reflect the process of optimising performance through many pattern repetitions to develop, in terms of the dynamical systems perspective, deep and stable attractors suited to the behavioural dynamics of the task (Davids et al., 2003; Glazier & Davids, 2009a; Seifert et al.,2016).

Given that there were no significant differences in inter-trial variability between above and below phases for any wrist path direction, meant that the hypothesis was not supported. However, there was some evidence that the swimmers had less variability at the times of entry and exit in the horizontal paths (Figure 2). This does support the concept of swimmers reducing inter-trial variability ‘when it matters’ and is compatible with the findings of Button et al. (2003) in basketball shooting and Coleman & Rankin (2005) in golf. Researchers have termed this process of reducing variability progressively towards the end-point or most critical point of a performance to produce the desired response/outcome as ‘homing-in’ or ‘zeroing-in’, for example, in table tennis (Bootsma & van Wieringen, 1990), long jump approach (Lee, Lishman, & Thomson, 1982), and golf (Langdown et al., 2012). In the swimming context, it is plausible that swimmers need consistency in relation to wrist (hand) path due to its influence on the generation of propulsion, and thus successful outcome, whereas the effects of higher magnitudes of variability across other variables, such as the shoulder roll, and breathing, may be offset by other actions within the system in accordance with the uncontrolled manifold hypothesis (Scholz & Schöner, 1999). Further research exploring additional variables within the swimming stroke over a sequence of consecutive cycles is required to investigate that possibility.    

The inter-trial variability in the lateral paths was also significantly smaller at entry than both the overall above and below phases in accordance with the concept of being consistent ‘when it matters’. However, it was anticipated that the lateral path would also exhibit small inter-trial variability throughout the underwater phase given that the lateral motions in swimming serve very important purposes. These include the generation and shedding of vortices to optimise propulsion and maintaining alignment of the body by acting as a lever arm for the generated forces to yield torques that offset rotational effects of other actions (Takagi et al., 2016).  And yet overall, the lateral paths during the below water phase were as variable as the lateral paths in the above water phase and were the most variable of all paths and phases when expressed relative to the lateral below water range of motion. This was contrary to the hypothesis that the below water phase would have less variability than the above water phase and may suggest that the variability in lateral paths following entry is due to the system’s spontaneous adaptation to the body’s current alignment status to ensure that alignment is maintained so that hydrodynamic resistance is minimised. That possibility would be in keeping with the tenet that variability acts as a functional aid to performance (Bartlett et al., 2007; Glazier & Davids, 2009a; Langdown et al., 2012). In that case, the optimal movement pattern is a compromise between optimising propulsion and the need to correct errors from the preceding stroke cycles to maintain/restore an alignment that minimises resistance. This possibility requires further investigation in addition to exploring the possibility that skilled swimmers maintain learned optimal hand paths despite the influence of changes in constraints (e.g. breathing, swim pace, fatigue).        

Conclusion
This study established levels of variability in spatio-temporal movement patterns of the wrist paths in sprint swimming as an example of a continuous variable that is highly relevant to the task performance. Swimmers were found to minimise variability at key events, in this case, the position of the wrists at water entry and exit, most likely as a way to produce the optimal desired response/outcome in terms of propulsion. The effectiveness of compensation through functional variability of segmental and joint contributions can now be considered in relation to the inter-trial variability of the task-relevant variable that was established in this study under controlled conditions.      
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Table 1: Inter-trial Variability (SD) and Inter-trial Variability Relative to the Range of the X, Y, and Z Displacement (m) of the Left Wrist and Right Wrist.













Table 2: Comparison of Mean Variability (SD as % of Range) and Mean Repeatability Correlation for X, Y, and Z paths of Left and Right Hands during the Whole Stroke, Below Water Phase, and Above Water Phase.
Whole Stroke (Mean Variability, SD as % Range)	Whole Stroke (Mean Repeatability Correlation)

















Figure 1: Paths of the left wrist (top) and right wrist (bottom) of a typical participant (S11). The start of the below water phase corresponds to when the Y path is less than zero. 


Figure 2: Comparison of mean inter-trial variability (SD) for X, Y, and Z paths of left and right wrists during the whole stroke, below water, above water, wrist entry and wrist exit phases. * statistical significance (p<.05)
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